I. MOTIVATION
Biological membranes are essential components of nearly all living organisms, from the smallest membrane encapsulated viruses to the eukaryotic cells which constitute higher organisms such as man. In recent years, tremendous interest has been engendered by the application of various physical tools to the study of the molecular properties of membranes. The vast majority of biological membranes are based on lipid bilayers, which can be prepared by dispersion of synthetic or natural phospholipids in excess water. Such lipid bilayers represent attractive objects for physical research and are of potential commercial interest, since stable, unilamellar vesicles prepared by sonication may eventually become useful as highly specific drug delivery systems.
1 In addition, membranes are involved in a plethora of human diseases. Thus, studies of the physical state and dynamics of lipid bilayers are of broad significance, not only in view of their fundamental physical interest as smectic liquid crystals, but also in terms of their potential medical applications.
During the past decade, nuclear magnetic resonance (NMR)2 has emerged in a central role as a physical tool in membrane biophysics. At present, the most significant progress has involved line shape analyses. 3-14 a) A preliminary account of this work was presented at the Fifth Annual Conference on Molecular Structural Methods in Biological Research, Stanford University, November, 1979. However, since the spectral line shapes of these systems depend predominantly on residual or time-averaged magnetic quantities, i, e., on the zero-frequency spectral density of the fluctuating magnetic interactions, it is clear that line shape studies do not in principle address the question of extracting the more complete physical information contained in the motional frequency spectrum. Thus, while line shape studies have provided details of molecular motions in the gel phase, 11, 13, 14 where the molecular fluctuations are relatively slow, in the liquid crystalline state the motions are more rapid and the information obtainable from relaxation techniques is essential. In the liquid crystalline phase, information regarding both the molecular ordering and dynamics is necessary-the spectral line shapes provide information regarding the average molecular conformation, whereas NMR relaxation, in principle, can establish the characteristic time scales and amplitudes of the fluctuations.
Although considerable progress has been recently made in understanding the molecular dynamics of liquid crystals using NMR relaxation,15-35 studies of lipid bilayers have not yet progressed to a similar extent, in spite of the vast literature which has accumulated. 36-6& Since there are relatively few anisotropic systems where the molecular dynamics have been studied in detail, such studies are of considerable fundamental interest. Detailed IH NMR studies of phospholipid vesicles were first reported in the early 1970s. 36 ,39,42,46-48 In this early IH NMR work, ordering effects were largely ig-nored and intuitive ideas based on anisotropic rotational diffusion in simple liquids 87 were applied to the analysis of the IH spin-lattice (T 1) relaxation. A similar approach was subsequently applied to IH NMR studies of vertebrate photoreceptor membranes containing the visual protein rhodopsin. 8 8-70 However, the interpretation of these 1H NMR results is complicated by the presence of intermolecular 1H relaxation effects, as well as the possibility of spin diffusion among the various dipolar coupled IH nuclei. 71 These problems are obviated by 13C NMR studies, where the T1 relaxation is due predominantly to intramolecular 13C_1H dipolar interactions. From 13C Tl studies, Metcalfe and co-workers 4o concluded that there was an increase in the rate of motion along the fatty acyl chains of lipid bilayers, corresponding to the observed increase in T 1 • As will be shown subsequently, this interpretation may be in need of modification. Levine et al. 44, 72, 73 later applied a multiple internal rotation model, due originally to Wallach, 74 in an attempt to determine the fatty acyl chain dynamics based on 13c Tl measurements. However, it should be noted that, since single resonances are resolvable only from those 13CH2 groups near the beginning and end of the fatty acyl chains, it is difficult to map out the dependence of T1 on chain position from such studies alone. The application of such multiple internal rotation models to the fatty acyl chain dynamics in lipid bilayers is further complicated by the fact that the various rotations are generally assumed to be statistically independent, which is unlikely to be the case for lipid bilayers. The multiple internal rotation model was improved by London and Avatabile,82 who treated the motional restrictions in an ad hoc fashion, and it has since been further extended by Szabo and co-workers. 75
More recently, additional T1 relaxation studies of various lipid bilayers and their interaction with cholesterol have been reported; 78-82 in most cases the theoretical and experimental approaches are similar to the earlier studies mentioned above. In the majority of the above cases, detailed information regarding the dependence of T1 on chain position has been lacking, even for the most extensive 13C T1 studies currently by available. 57 In addition, the problem of separating motional versus ordering effects in interpreting the T1 relaxation rates has, for the most part, been ignored. Furthermore, the most detailed 13C Tl studies currently available 57 involve only a single resonance frequency of 25 MHz; by interpreting T1 results obtained at a single resonance frequency one is essentially fitting an unknown correlation function to a single data point. Except for the case of Simple fluids, where the correlation functions are well known,83 such a procedure can be extremely dangerous and can lead to erroneous conclusions.
The use of quadrupolar nuclei such as 2H or 14N offers considerable potential in NMR studies of lipid bilayers and biological membranes, since both the ordering and rate of motion of the groups containing the quadrupolar nuclei can be investigated directly. 84 The first 14N NMR stUdies of lipid bilayers have been recently reported 85 -87 and suggest that 1~ NMR will become a useful tool in membrane biophysiCS. Reviews of previous 2H NMR studies of lipid bilayers and biological membranes can be found in Refs. 9, 12, and 88. 2H T1 studies of deuterated lipid bilayers were first reported by the Vancouver NMR group for a lyotropic soap/water mesophase consisting of potassium palmitate-d Sl in 30 wt% water, 89 and by the group at Basel for multilamellar dispersions of specifically deuterated 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC).84 2H T1 studies of (perdeuterated fatty acyl chains) have also been recently reported,90 and the above 2H Tl studies of speCifically deuterated DPPC have been extended to several additional resonance frequencies. 91 These 2H T1 studies clearly reveal a characteristic plateau in the T1 relaxat ion profiles as a function Of chain position, which is reminiscent of the profiles determined previously for the 2H quadrupolar splitting versus chain position. 9 ,12.92 Although a fairly extensive body of 2H T1 data are now available for lipid bilayers in the liquid crystalline state, however, as well as their biological membrane counterparts,93-95 an appropriate theoretical paradigm for interpreting the T1 relaxation times has not yet emerged, and only highly approximate models have been discussed. 89. 90. 91. 96 Further progress in membrane biophysics requires a better understanding of the nature and amplitudes of the fluctuations contributing to the ensemble averaged quantities determined, e. g., from NMR, EPR, or fluorescence depolarization experiments. The lack of information on details of the bilayer dynamics may be one reason for the great popularity in recent years of employing order parameters to describe the angular fluctuations in lipid bilayers and membranes-one relinquishes all hope of describing the dynamics of the averaging process and rather determines ensemble-averaged quantities over a time scale appropriate to the spectroscopic technique employed. Even in this case, however, interpretations have not been unambiguous, and arguments based on the time scales of the various spectroscopic techniques have surfaced recurrently. 9. 70.95,97.98 The dynamic information lost in the averaging process can, of course, be retreived by measuring fluctuations in the relevant physical parameters about their average values, or quantities related to these fluctuations. In the present case it is the strength of the fluctuating quadrupolar interaction that determines the efficacy of the T1 relaxation; by measuring the T1 relaxation times as a function of frequency, it is possible to obtain a more complete understanding of the types of motions leading to the averaging of the static quadrupolar coupling than is possible from 2H NMR line shape studies alone.
In the present work, a range of fairly Simple, physically plausible models for spin dynamics in lipid bilayers are discussed. In addition, it is shown that the presently available 2H Tl data for DPPC bilayers in the liquid crystalline state appear best explainable in terms of (i) contributions from relatively high frequency motions, probably arising from trans -gauche isomerizations of the fatty acyl chains, and (ii) collective thermal modes corresponding to order fluctuations as observed in simpler liquid crystals. In contrast to a preliminary interpretation,84 collective order fluctuations may provide the dominant contribution to the T1 relaxation of the DPPC bilayer at the resonance frequencies employed. These results may have implications for studies of lipid-protein interactions, 12.69.70.94.95.98 and suggest that re-evaluation of previous TI investigations of dynamic fluctuations in lipid bilayers may be necessary.
II. IRREDUCIBLE TENSOR REPRESENTATION OF THE aUADRUPOLAR HAMILTONIAN
In aU cases investigated to date, the electrostatic field gradient of the C_zH bond has been found to be approximately axially symmetric with an asymmetry parameter less than 0.05. 9 For the case of uN which, like 2H has a nuclear spin of 1, the electrostatic field gradient may deviate from axial symmetry due to the increased number of bonding electrons; however, investigations of choline containing phospholipids such as DPPC and sphingomyelin suggest a small or negligible asymmetry parameter, due, presumably, to the C s symmetry of the C-N+(CHsh group in these compounds. 85 • 87 Therefore, for simplicity, in the following the asymmetry parameter of the electrostatic field gradient will be taken as zero.
For a spin-1 nucleus with an axially symmetric electrostatic field gradient tensor, the quadrupolar Hamiltonian can be written in a spherical tensor representation as 83 • 96 :
where y~2) (n ""') are second order spherical harmonics describing the orientation of the electrostatic field gradient eq in the laboratory coordinate frame, defined by the direction of the applied magnetic field B o , and Q is the nuclear quadrupole moment. The Euler angle convention follows Ref. 99, as diagramatically illustrated in Figo 1. The T1 2 ) are second rank irreducible tensor operators, quantized in the applied field, which are given below:
where I denotes the spin angular momentum.
In a liquid, the Y~) (n "'") are rendered functions of time by molecular reorientation, so that Ho is averaged over all space, whereas in solids by contrast, the quadrupolar Hamiltonian is essentially static. Biological membranes and lipid bilayers are akin to liquid crystals in that they represent an intermediate and far more complex case, in which the molecular motions are rapid and highly liquidlike, but restricted in their amplitude. The modulus squared of the fluctuating part of the Hamiltonian is then reduced from (IHo(t) IZ) to (I Ho(t) 
In general, we wish to calculate autocorrelation functions G p (r) of the second order spherical harmonics describing the orientation of the molecule fixed electrostatic field gradient tensor in the 'coordinate frame of the applied magnetic field, as indicated below:
The spin energy level transition probabilities which determine the spin-lattice (T 1 ) relaxation rate are related to the spectral densities of the second-rank tensor fluctuations at the resonance frequency wo and at 2wo, given by the Fourier transform of the autocorrelation functions in Eq. (2.4), i. e., by (2.5) The Tl relaxation rate is then given by the following expression 83 • 96 (2.6) In Eq. (2.6) any energy level shifts due to removal of the Zeeman splitting degeneracy of the spin-1 nuclei by the quadrupolar interaction are neglected, since the quadrupolar coupling constants of the zH and l~ nuclei are generally small relative to the Larmor frequency. For the case of Tl this is expected to be a reasonable approximation.
A. Transformation of the quadrupolar Hamiltonian under a general series of rotations
The advantage of using the spherical tensor representation of the quadrupolar Hamiltonian is that the irreducible tensor operators T~Z) appearing in Eq. (2.1) transform under rotations as spherical harmonics of order two; thus it is simple to treat multiple transformations of coordinate systems, rather than transforming the irreducible tensor operators T~) directly from the principal axis system of the electrostatic field gradient tensor to the laboratory system as in Eq. (2.1). It should be recalled that an irreducible tensor of rank (L) transforms under rotations as T~)' == 'i,M.D~I;~ (a, (3, y)T1f), where the Wigner rotation matrix elements are given in terms of the three Euler angles a, (3, and y as exp(-iM'a)d1I;~({3)exp(-iMy); cf. Ref. 99. The coordinate system transformations of interest are represented in Fig. 1 .
In general, the molecular motions in lipid bilayers 9 and biological membranes93.101 have been found to be axially symmetric about the macroscopic bilayer normal, henceforth termed the director by analogy to stUdies of nematic and smectic liquid crystals. 10Z.103 In the following we will allow for "local" molecular motions as well as for the possibility of fluctuations in the director by transforming stepwise from (i) the coordinate system of the electrostatic field gradient tensor to thp. molecular system of the rotational diffusion tensor, (ii) from the rotational diffusion tensor prinCipal axis sys---_ "0 tem to that of the instantaneous director, (iii) from the instantaneous director to the coordinate system of the average or macroscopic director, and finally (iv) from the average director to the coordinate system of the applied magnetic field. Each of these coordinate system transformations is accomplished using Wigner rotation matrices, 96.99 the elements of which can be found in Ref.
9. The various Euler rotations then allow us to incorporate the time scales and amplitudes of various physically plausible motions in models for the molecular dynamics of the systems of interest. In the following, for simplicity, the various angular transformations are assumed to be statistically independent.
Expressed in the coordinate system of the external magnetic field, the quadrupolar Hamiltonian becomes where 0'" = (a"', (3"', 0) refers to the fixed rotation of the laboratory system to the coordinate system of the average director no, with the indicated Euler angles; 0" (t) = (a", (3", 0; t) refers to rotation of the no system to the n coordinate system, i. e., to a particular orientation of the instantaneous director n; 0' (t) = (a', (3', ')I' ; t) refers to transformation from the n reference frame to the principal axis system of the "local" motion, generally taken as that of the rotational diffusion tensor D; and 0 = (a, (3, 0) to the rotation from the coordinate system of the local motion to the prinCipal axis system of the electrostatic field gradient. The above results can, of course, be generalized to include an arbitrary number of rotational coordinate transformations, although the physical significance of such multiple rotation models, particularly multiple internal rotation models, 62, 72 tends to become obscure. The present approach is aimed at arriving at the simplest physical model which can be applied to the results of experimental investigations. 84.91 
B. The time averaged quadrupolar Hamiltonian
In the following, we will allow for the possibility of motional components differing in terms of their amplitudes and time scales by crudely considering the molecular motions to be either "fast" or "slow." As mentioned previously, we will for simpliCity consider these motions to be stochastic processes which are statistically independent; thus cross correlations between different motional components will not be explicitly considered in the present development. In a detailed model, it may be necessary to consider such cross correlations, but the available experimental data do not justify a more complex treatment at the present time.
For the case of lipid bilayers such fast motions could include, e. g., molecular rotations, chain rotational isomerizations and torsional OSCillations, and bond stretching and bending. Any slow motions would, strictly speaking, have to occur at frequencies a factor of 10 or so lower than the fast components, and could include any molecular reorientations coupled to lateral diffusion, together with collective motions involving the lipid bilayer as a whole. It should be recognized that the separation of the molecular motions into two distinct classes, viz. fast and slOW, represents an approximation to a complex physical situation, the justification for which is further discussed in Sec. V.
Since the magnitude of the quadrupolar interaction (IHQ(t) 12) is a constant given by the area under the corresponding spectral density function, it is clear that the average of HQ(t) over the relevant fast and slow time scales must playa crucial role in the analysiS of the relaxation behavior. In general, any fast motional components over the Euler angles O'(t) will average HQ(t) to a residual value (HQ(t»Q" with a relaxation Hamiltonian given by HQ(t)-(HQ(t»Q' as in Eq. (2.3). However, the time averaged Hamiltonian over the faster motional components can be further modulated by any independent slow motions over 0" (t), yielding an additional contribution to the relaxation described by a Hamiltonian of the form (HQ)Q' -(HQ)Q" (where it is understood that the brackets refer to ensemble averages over the different time scales). The spectral densities J p (pwo) appearing in Eq. (2.6) are then the sums of the spectral densities arising from the independent fast and slow fluctuations, and the observed relaxation rate is given by the sum of the fast and slow contributions.
For lipid bilayers and biological membranes in the liquid-crystalline state, the time averaged Hamiltonian (HQ(t» is expected to be invariant to rotation about both the no and n axes (cf. Fig. 1 ). The cylindrical symmetry of the time averaged, electrostatic field gradient about no, i. e., the macroscopic bilayer normal, is clearly shown from 2H and 31p NMR studies, 9, 100 and it is plausible to assume that any motions of the electrostatic field gradient over the faster time scale are also cylindrically symmetric about the instantaneous director n. Since we further assume an axially symmetric diffusion tensor D, all coordinate systems depicted in Fig.  1 Then, D<;~ (S2'; t) -(D~2d (S2'; t) D NO DQO and from Eq. (2.7) we have that
(2.8)
M,P
In Eqo (2.8), the factor d\fo) (13) (d~20) (13'; t)) is simply the order parameter of the electrostatic field gradient symmetry axis averaged over the fast motions, i. e., for the case of 2H NMR the C_ 2 H bond order parameter 9 averaged over the fast motions, denoted here by (SCD)W' Since the D tensor is assumed to be axially symmetric, its orientation in the coordinate frame of the instantaneous director can be specified by a single order pa- As mentioned above, the contribution from any slow motional components to the TI relaxation is obtained by considering the (slower) fluctuations of the time averaged Hamiltonian over the fast motions with respect to the longer time scale. The time averaged Hamiltonian over the slow motions is obtained by averaging Eq. (2.8) over the Euler angles S2"(t)=(a", 13",0; t). Since we assume that the motion of the instantaneous director n with respect to the average director no is cylindrically symmetric, those terms containing a" (t) go to zero; letting D<:J (n"; t) -(D<:J (n"; t)) DMO in Eq. (2.8) we obtain XL D<tJ (rI"')T~2) • (2.9) P In Eq. (2.9), the factor d~o) (13) (d~~) (13'; t» (d~20) (13"; t)) represents the order parameter of the electrostatic field gradient symmetry axis now further averaged over the slow motions; for the case of 2H NMR denoted here as (ScD)n", where (ScD)n" =(ScD)n,Sa" is the observed C-2 H bond order parameter. 9 The relaxation Hamiltonian for the slow motions is given in terms of Eqs. (2.8) and (2.9) by (HQ(t)n' -(HQ(t»n" as noted previously.
III. RELAXATION DUE TO FAST MOTIONS
As shown in the preceding section, we wish to calculate the autocorrelation functions G p (r) of the second order spherical harmonics which describe the timedependent orientation of the electrostatic field gradient in the laboratory coordinate frame, defined by the direction of the applied magnetic field Bo; cf. Eq. (2.4). Comparison of Eqs. (2.1), (2.7), and (2.8) shows that the spherical harmonics y~2) (n"'''; t) appearing in Eq.
(2.1) can be expressed in terms of the Wigner rotation matrix elements corresponding to the various rotational transformations in Fig. 1 as
In the following, it is assumed that, due to the axial symmetry, the autocorrelation functions of the Wigner rotation matrix elements corresponding to fast motions can be written as
where T~d is the correlation time associated with fluctuations of the matrix element D~2J (n'; 0. Then, substituting Eqs. (3. 1a) and (3. 1b) into Eq. (2.4) we obtain for the autocorrelation function of the relaxation Hamiltonian corresponding to fast motions:
XD~~)N* (n"; t) D~~)M (n"')D~~>;. (n"').
(3.3)
At this point it should be noted that we still have cross terms (m *m') in the above Eq. (3.3) corresponding to the Bo-no transformation and for the no-n transformation. However, any" slow" fluctuations of n will still be much faster than the measured spin-lattice relaxation times (msec or longer) in which case the contribution of "fast" motions to Tl will be averaged over the Euler angles a"(t) and 13" (t). Since we assume that the distribution of n with respect to no is cylindrically symmetric, the m* m' cross terms will vanish in the ensemble averaged Tl relaxation rate. We have, then, as a result that
In Eq. (3.4) we have made use of the fact that d~~~ (13/11)2 =d~a,] (13"')2, which follows from the indistinguishability of the no and -no directions (vide in/ra).I02
Since we have no means at present to estimate the amplitude of any additional slow relaxation components, and we do not wish to unduly complicate the analysis by introducing additional parameters, we shall in the following make the approximation of small amplitude fluctuations in the orientation of the instantaneous director n with respect to 110. This assumption of small amplitude director fluctuations is consistent with current theoretical models of director fluctuations in nematic and smectic liquid crystals, where only the linear terms in the expansion of d1 2 J ({3"; t) can be handled at present, 1020103 as further discussed in Sec. IV, and leads ultimately to a self-consistent picture of lipid bilayer dynamiCS as described later in this paper. In practice, the above assumption would require that , 8" $15 -20 0, in which case we can set (d12) ({3"; t)2) ~ OliN in Eq. (3.4).
Then, we obtain as our final result for the ensemble averaged autocorrelation function due to the fast motional components that
It should be noted that, in general, the dependence on the bilayer orientation with respect to Bo leads to different autocorrelation functions for each value of the index P; if the orientation dependence is not included 89 • 9o then the analysis is greatly Simplified.
The squares of the Wigner rotation matrix elements corresponding to each of the coordinate system transformations appearing in Eq. (3.5) are most simply evaluated in terms of their Clebsch-Gordan series expansions,99 as indicated below: 
In addition, the following relations should also be noted: 
A. Anisotropic rotational diffusion model for molecular reorientation in lipid bilayers
In the liquid crystalline state of lipid bilayers and biological membranes, the 2H and I~ NMR spectral line shapes are indicative of axially symmetric motion, rapid on the NMR time scale, involving an effectively continuous distribution of possible segment orientations. Consequently, it is reasonable to adopt a simple diffusional model as a first approximation for the segmental reorientation due to rapid motions, in the belief that such a model is physically meaningful and that the results are relatively free of model-dependent assumptions. It should be noted, however, that in the gel state of lipid bilayers, the 2H NMR spectra ll • 14 are not generally indicative of axial symmetry and can be interpreted in terms of discrete models for chain segmental isomerization. 14 Thus, a rotational diffusion model, involving small jumps among a large number of possible orientations, is probably most applicable to the liquid crystalline state of lipid bilayers and biological membranes, or to those instances where discrete motion is not observed.
The problem of rotational diffusion in the presence of an ordering potential is a difficult mathematical task which has been treated by Nordio et al. 105 .107 and by Freed et al. 25.108 According to Nordio and Segre, 105 the autocorrelation functions for the Wigner rotation matrix elements describing the diffusive reorientation of an ellipsoid of revolution, for the present case taken to approximate a segment in a lipid bilayer, subject to an ordering potential of the simple Maier-Saupe form -U({3')/kT=A2P2(COS{3'), are given to a rather good degree of approximation by Eq. (3.2) with Thus, for the diffusion model, the ordering affects both the correlation times as well as the ensemble averaged rotation matrix elements, and in addition each Wigner matrix element relaxes with its own time constant T~2J, i. e., there is a distribution of correlation times. However, the correlation times T~2J are not independent, since they depend on the elements of D through Eq. (3. B). We can then express the correlation times T~2J in terms of a single correlation time T~~), T/=D,,/D~, and the values of Ci~2J given by Nordio and Segre, 105 as indicated below:
• Equation (3.9) will prove useful in our later discussion.
For the anisotropic rotational diffusion model, the spin-lattice relaxation rate can be calculated directly from Eqs. (2.5), (2.6), and (3.5). The result is 10) where the squares of the Wigner rotation matrix elements are given in terms of the Legendre polynomials P 2 and P 4 in Eqs. (3.7), and where j1ZJ (pwo) indicates reduced spectral densities defined by
i. e., a single Lorenztian corresponding to each correlation time T}JJ is obtained. Equation (3.10) is fairly simple when its structure is studied carefully, and readers should not be frightened by its initial appearance. For example, it is reassuring to find that Eq. (3.10) reduces directly to familiar results for quadrupolar and dipolar relaxation of simple fluids, 67.83 as will be shown subsequently. If the C-zH bond vector is constrained to be parallel to n, so that rotation about the director axis is the only degree of freedom, then {3 = 0, 7P=.d' Jri ({3) = 0'10' and 13' = 0, rr =>(d~~) ({3'; t) =(d~~) ({3'; t) =1; in this case it can be verified that there is no relaxation, as expected.
96 Thus Eq, (3.10) has the proper limiting behavior. In addition, Eq. (3,10) contains a relatively small number of parameters and leads to definite experimental predictions, from which conclusions regarding the molecular dynamics of the systems of interest can be drawn.
B. Strong collision model for rotational diffusion
The strong collision model can be employed as an approximation to the rotational diffusion model in some instances, and leads to further simplification of the relaxation time expressions. The strong collision model differs from the diffusion model in that the molecular or segmental orientation is assumed to change by any amount due to sudden variations in the torque experienced by the molecule (segment), such that the orientation after a collision is independent of the orientation before a collision, and the time taken for a transition is negligible. Thus, the orientation after a collision is given by the orientational probability distribution. For the strong collision model, the correlation times are independent of the ordering, so that the anisotropic features of the motion are contained solely in the ensemble averaged squares of the Wigner rotation matrix elements. The strong collision model is useful in that the interpretation of the correlation times of the rotation matrix elements is not obscured by detail; rather the correlation times can be chosen to resemble those of simple fluids. 87.109 If it is assumed, for simpliCity, that the correlation times of the Wigner matrix elements parallel those of a cylindrically symmetric molecule undergoing anisotropic rotational diffusion, 104, lOS then it is possible to eliminate the N index corresponding to rotation about the instantaneous director n, i. e., T~2J -T~). At this point it should be noted that if the degree of ordering is relatively low, both the strong collision and diffusion models can yield essentially similar results. 96 Assuming that (Pz(cos{3';  t»:S0.4-0.5, which is the case for most lipid bilayer systems investigated to date, then a}Jd ~ 2(2 + 1) ~ 6 in Eqs. (3.8) and (3.9) and we would have for either model that (3.12) Thus, for weak ordering, it is reasonable to assume a strong collision model for rotational diffusion, where the correlation times are given approximately by Eq. (3, 12) . For higher degrees of ordering, however, significant differences exist between the two motional models; also, it should be recognized that the correlation times for the strong collision model are not strictly related to the elements of the rotational diffusion tensor as in Eq. (3.12).105
The autocorrelation functions for the strong collision model are given by Eq. (3.5) and the derived expression for TI by Eq. (3.10), with T~zd-I-T~2)-1 as in Eq. (3.12) and
If we assume that 17= D,,/D~ ~ 1, i. e., that the rate of motion is approximately isotropic over the accessible angular range, then considerable simplification and collection of terms in the autocorrelation function, Eq. (3.5), and derived TI expression, Eq. (3.10), is possible. Since for 17=1 there is no D tensor symmetry axis, we can take 13=0 in Eq. (3.5), in which case d ~~) (13) -0'10, and, since the correlation times of the various rotation matrix elements are now assumed to be equal, i.e., T1ZJ-I_ T 'J)-I_ T (2)-I, we can collect terms corresponding to the products of the various matrix elements. After some lengthy algebra the following expressions for the autocorrelation functions appearing in Eqs. (2.4) and (2.5) are obtained, where the Euler angle between the electrostatic field gradient and the instantaneous director n is denoted as (3""(t) (cf. Fig. 1 ):
Substituting Eqs. (3. 14b) and (3. 14c) into Eqs. (2.5) and (2.6) the following expression for T1 is obtained:
Equation (3.15) is a general expression for T1 in which a single correlation time T(2) is assumed, and where the degree of ordering is characterized by the ensemble averaged Legendre polynomials (P 2 (cos {3""; t» =(tfo~)({3'"'; t» and (p.(cos {3""; t»=(dM) 
C. Orientational averaging of the T1 relaxation rates
In many types of lipid samples, the orientation dependence of T1 is lost due to angular reorientation. For the case of small, unilamellar phospholipid vesicles prepared by sonication, rapid tumbling in solution occurs with a rotational correlation time of -10-6 s. The vesicle tumbling is too slow to provide a significant spin-lattice relaxation contribution at the resonance fre· quencies typically employed, but does lead to averaging of T1 over all bilayer orientations with respect to Bo. In addition, as shown in Ref. 91 , rapid lateral diffusion of phospholipids in unsonicated multilamellar dispersions can also lead to orientational averaging of T 1 • If orientational averaging occurs, then the reorientation leads to isotropiC averaging of the Wigner rotation matrix elements corresponding to the Ilo -Bo coordinate transformation in Fig. 1 . As a consequence, the autocorrelation functions and spectral densities appearing in Eqs. (2.4)-(2.6) become independent of the index P and the T1 analysiS is greatly Simplified. Averaging over the Euler angle {3"' (t) we have that , where d~2o)({3m)-(d~2d({3'''; t» = 0 and d~~) (f3 III) -(d~~) ({3'. ; t» =0; thus d~2J({3",)2
-(rf}J,({3'"; t)2) = 1/5. The corresponding T1 relaxation time expressions are then obtained from those already given in Eqs. (3.10) and (3.15) by replacing d~2~({3111)2 -1/5. In general, (P 4 (cos {3';t» terms still remain in the general T1 expression, Eq. (3.10). However, for the case of a single effective correlation time correponding to the rapid motional components, i. e., for the more approximate strong collision model for rotational diffUSion, the T1 expression given in Eq. (3.15) can be further simplified to yield the result
That is, vis -a-vis the corresponding isotropiC result, Eq. (3.17), each reduced spectral density term is simply multiplied by the factor [1 -(d~20) ({3''''; t»2]. In the short correlation time limit, replacing /2) (pwo) -2T (2) we obtain as a simplest limiting case the previously published result8~ 89, 91 (3.20)
D. Comparison with previous work
The present analysis represents an extension of earlier work, 96 in which the autocorrelation functions appearing in Eq. (2.4) were expressed directly in terms of the Euler angles which rotate the coordinate frames of the director and the electrostatic field gradient into coincidence. This approach is justified since all trans-formations in Fig. 1 are assumed to be axially symmetric, and leads to simplification of the resulting expression for Gp (T), since the Wigner matrix elements d<J~ (13) corresponding to the fixed transformation from the principal axis system of the diffusion tensor D to that of the electrostatic field gradient are eliminated. The autocorrelation functions in Ref. 96 correspond to a slightly different model than presently employed, in which the correlation times are identified with axially symmetric rotation about the director axis, and with rotation against the director.
In terms of the present analysis, the autocorrelation functions Gp (T) The above results for anisotopic rotational diffusion in the presence of an ordering potential, Eqs. (3.5) and (3.10), are general and can be shown to reduce to previously calculated results for quadrupolar or dipolar relaxation due to unrestricted anisotropic rotational diffusion of ellipsoids of revolution, 67.110 i. e., in the absence of an ordering potential. In the past, it has been common to apply the Woessner mode1 67 for dipolar relaxation as an approximation for lipid bilayers, 46.47.50 thereby ignoring ordering effects, which under certain conditions can be very important. 96 Thus, it is desirable to examine the relationship of the present treatment to the earlier results obtained for anisotropiC rotational diffusion in the absence of an ordering potential.
For the limiting case of unrestricted, but anisotropic motion, we wish to express Tl in terms of 13, the fixed angle between the D tensor principal symmetry axis and the C-2 H bond direction, and 13' (0, the time-dependent angle between the D tensor symmetry axis and a fixed coordinate system which in the preceding results is fulfilled by the instantaneous director n. To correspond to previous results for anisotropic rotational diffusion in simple fluids we choose Do parallel to Bo (cf. Fig. 1 ), i. e .• S'" =0, rr, in which case d~) (13",)2 = 1, ct1~i (13",)2 =~~) ({3"')2 =t, and all other rotation matrix elements dlj~(f3"')2 are zero in Eq. (3.5). Since the rotation matrix elements corresponding to the n -D tensor principal axis system transformation are now averaged over all space, (d~o) (13'; t» =(d~t) (13'; t» =0; and thus (d~b(f3'; 0 2 ) =t in Eq. (3.5) to correspond to the unrestricted anisotropiC diffusion model. Then, from Eq. (3.5) we obtain that
where the autocorrelation functions are now independent of the index P, and where
Since for the present case there are now no ordering effects on the correlation times,
Substituting Eq. (3.22) into Eqs. (2.5) and (2.6), for unrestricted anisotropic rotational diffusion, without assuming the short correlation time limit, we obtain the following result for T 1 :
Woessner's equations for dipolar relaxation of a two-proton spin system undergoing anisotropic reorientation 67 are obtained from the above limiting result, Eq. (3024), by replacing the factor 3/8 (e 2 qQI1l)2 by 3/2(y 2 1l/r 3 )2, as can be verified directly. If the motion is assumed to be isotropic, then T~) -T(2), i. e., all correlation times are assumed to be equal, and since there is now no symmetry axis for the motion, we choose f3=0 in Eq. (3.24). Then d~~ (13 = 0) -0 0 0 and the familiar isotropiC result of Eq. (3.17) is obtained. 83 The reduction of the more general treatment described here to the proper limiting results for isotropic 83 and anisotropic 67 • 110 rotational diffusion supports the essential correctness of the present approach.
F. Numerical results
The effect of the various parameters appearing in Eq. (3010) and its limiting forms can be most readily seen from plots of Tl vs the correlation time T~o) in Eq. (3.9), similar to those found in standard texts. 111.112 At this point is should be recalled that at present only the ensemble averaged second order polynomial (p 2 (cos (3';t) can be determined from 2H or 1~ NMR studies9,65; thus values of (P 4 (cos f3'; t) appearing in Eq. (3.10) must either be estimated or obtained from theory using the experimental value of (P 2 ). If it is first assumed, for simplicity, that the various lipid segments in a bilayer are subject to a simplified ordering potential of the Maier-Saupe form -U (13' )/kT = A2PZ (cos 13' ), then the desired values of (P 4 ) can be obtained from the experimental (P 2 > values as discussed by Luckhurst and 8L
Yeates. 113 However, it should be noted that some evidence does exist from angular dependent linewidth measurements of spin-labels dissolved in lyotropic liquid crystals that the truncated Maier-Saupe form may be an oversimplification for description of the orientational order in these systems. 114 Experimentally, (P;; has been determined to be rather small for 5-doxyl and 12-doxyl stearic acid probes in soaplike bilayers consisting of decanol/decanoic acid/water. 114 Although local perturbation of the bilayer cannot be ruled out, these results employing spin-labels suggest as a second possibility that (P;; may be rather small and can be neglected. Finally, as a third limiting extreme, Ukleja et al. 23 have suggested that (P 4 > can be approximated by setting <F4>~(P~. Therefore, Tl was calculated according to Eq. (3.10) taking (i) (P;; =0, (ii) the intermediate case of (P;; calculated from (P 2 > assuming the Maier-Saupe potential, and finally (iii) (P 4 > = <F2>.
The results of such calculations, for the diffusion model, are shown in Fig. 2 MHz (8.4 T) , with ,9=90° corresponding to the C_ 2 H bond direction at right angles to the axis of motional averaging (for a C 2H z group, taken as the normal to the plane spanned by the three atoms), and ,9'" = 90 0, i. e., for bilayers oriented perpendicularly with respect to the applied field Bo (corresponding to the sharp edges of the 1=1 powder pattern spectra). As can be seen from Fig. 2 , Tl does not depend strongly on the choice of (P;; for degrees of ordering up to (P~ =0.9 and degrees of motional anisotropy up to 1)=50.
In the following, T1 was calculated using the values of (P 4 > calculated from the Maier-Saupe theory as in The effect of the order parameter (P 2 > on Tl calculated for both the small jump diffusion and strong collision models is shown in Figs. 3 and 4 , respectively. Figure 3 shows the effect of (Pa> on Tl calculated from Eq. (3.10) as a function of T~o) for 1)=1 [ Fig. 3(a) {P 2 > ~ O. 5, the calculated T j values do not depend greatly on whether the small jump diffusion model or the strong collision model for rotational diffusion is employed, as mentioned previously; however for (P 2 > greater than 0.5 significant differences exist, as can be seen from a comparison of Figs. 3 and 4 . For values of (P~ ~ 0.5, typical of many lipid bilayers in the liquid crystalline state, with ,9=90° the effect of ordering is rather small, 84,96 with Tl differing by less than 30% from the values in the absence of ordering. 67, 83 For <Fa> > 0.5, e. g., lipid bilayers containing cholesterol, 115 the ordering effects are larger and must be taken into consideration in properly analyzing the relaxation behavior. If the motion is anisotropic (1) ¢ 1), it should also be noted that the ordering influences the various motional components differently, as can be expected. In Figs. 3(b) and 4(b), for the case of 1)=50, the plots of Tl vs T~o) show two characteristic minima; the left-hand minimum
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IV. RELAXATION DUE TO SLOW MOTIONS
1f additional slow motions contribute significantly to the Tl relaxation, then the results of the preceding sections must be modified by including an additional relaxation term, as mentioned in Sec. lIB. In this case,
where T if is the relaxation rate due to fast motions and T~ is that due to slow motions. (In the following, the subscripts f and s are employed to distinguish fast and slow motions.) In Eq. (4.1) it is assumed that crosscorrelation terms between the fast and slow motions are small and can be neglected to a first approximation.
As discussed in Sec. lIB, the relaxation Hamiltonian corresponding to slow motions is given by (HQ)o' -(HQ)o-, where (HQ)O' is the quadrupolar Hamiltonian averaged over the fast motions only, and (HQ)o" is the quadrupolar Hamiltonian further averaged by any slow corresponds to motions perpendicular to the director axis, i. e., D L , whereas the right-hand minimum represents primarily motions about the principal symmetry axis of the rotational diffusion tensor [cf. Eqs. (3.8) and (3.9)]. The effect of ordering is to damp out the DL component; thus Tl becomes longer as (p;; is increased.
The effect of the Larmor frequency on Tl calculated for the diffusion model using Eq. (3.10) is shown in Fig. 5 for (p 2 ) = 0.4 with T/ = 1, and (p 2 ) = 0.9 using T/ = 50. The values of (p z ) and T/ have been chosen to correspond approximately to the acyl chain segments of a saturated lipid bilayer in the liquid crystalline phase [ Fig. 5( a) ], and to cholesterol when incorporated into a lipid bilayer [ Fig. 5(b) ]. Although the restricted diffusion model is characterized, in general, by a distribution of correlation times corresponding to the various rotation matrix elements, in the short correlation time limit (wg T~)2« 1) Tl is independent of the Larmor frequency, as found for simple fluids, i. e., in the absence of an ordering potential. This is a cOAsequence of tile fact that the correlation time distribution for the rotational motions. From Eqs. (2.8) and (2.9), the relaxation Hamiltonian for slow motions is given by 
By analogy to Eq. (2.4) we then have for the autocorrelation function due to slow motions that
(4.4) where axial symmetry of the slow motions is assumed. At this point it should be noted that, irrespective of the model for slow motions, the autocorrelation functions will depend on the square of the order parameter over the fast motions, i. e., (SCD )~. for 2H NMR.
To further evaluate Eq. (4.4), a model for the lower frequency motions must be assumed. In the following, we shall consider (i) a simple one correlation time model for the slow motions, and (ii) a director fluctuation model characterized by a continuous distribution of correlation times. Although both models predict that Til is proportional to (SCD )~" they can in principle be distinguished by their frequency dependences, since in the slow motion regime model (i) predicts that Til cc W'02, whereas model (ii) predicts that Til cc wii lf 2 (vide infra).
A. Noncollective model for slow motions
In this model, the slow motions are characterized in the Tl frequency regime by a single effective correlation time, so that the results are particularly simple and directly related to the fast motion analysis. In using a single effective correlation time for slow motions, it is impliCitly assumed that the motions of the individual lipid molecules in the bilayer are essentially uncorrelated, so that their lower frequency motions can be viewed as" rigid body" angular displacements. 63 Unfortunately, such a model is rather nll.ive, as will be discussed shortly.
At this point it should be recognized that Eqs. (2.8) and (2. 
where, as mentioned above, the subscripts f and s refer to fast and slow motions, respectively. For vesicles or multilamellar dispersions where orientational aver-aging occurs due to rapid tumbling and/or lateral diffusion (Sec. m C), 91 d~o) (/3"' ) -(d~~) (/3"'» = 0, and we have that
The above results have been derived independently by Bloom and co-workers. 89 Note that the above model predicts that Tl is independent of frequency, since the short correlation time limit is assumed to apply to both motional components; thus only an effective or average correlation time can be determined. This prediction is in contrast to experimental observation,91 as will be discussed subsequently. For vesicles and multilamellar dispersions where orientational averaging occurs (cf. Sec. mC), Eq. (4.7) reduces to the result X j~2) (wo) +4[1 -(d\fo) (13"; t»2J j;2) (2wo)}, (4.9) which should be compared to the analogous result in Eq. (3.19) for (Tii)o.'. Equation (4.9) reduces to the result of Eq. (4.6) in the short correlation time limit. In the long correlation time limit, we obtain from either Eq. (4.8) or (4.9) the result that (l/T1B)om = 2~ ( e 2 ;Q r (d~20) (/3""; t»2
where (Tii)o'" is given in Eqs. (3.19) or (3.20) .
B. Collective model for slow motions
A more realistic model than that given in Sec. IV A assumes any slow motions of the bilayer are collective in nature, with different "normal modes" present which can relax independently. As noted previously, the collective model predicts that Til <X wol/2, in contrast to the noncollective model for slow motions 63 which predicts that Til <X w o 2 • The characteristic Wol/2 frequency dependence of the collective model arises from the fact that the relaxation modes lead to a continuous distribution of correlation times, in contrast to the noncollective model where a single correlation time corresponding to the low frequency motional components is assumed. 63
For the present, we consider only small fluctuations of the instantaneous director n with respect to the average director no, characterized by the Euler angle /3" (0 in Fig. 1 , since current theories of liquid crystal order fluctuationsl02.103 can handle only the linear terms in the expansion of sin j3" (t) and cos /3" (t) at present. Thus, sin 13" (t) "" 13" (0, sin 2 /3" (t) "" 0, and cos /3" (t) "" cos 2 13" (t) "" 1; in which case we have for small order fluctuations that d~20) (/3"; 0 =d~22~ (13"; t) "" 0 , d\20) (/3"; 0 = -d~2l~ (13"; t) "" -JI 13" (t), d\:o) (/3"; t) "" 1 . That is, the slow director fluctuations predominantly affect the d~21~ (13"; t) terms, to first order. Then, from Eq. (4.4) we obtain x 2: (d~J (13"; t)d~J (j3"; t + T» d~1 (13",)2 , .\I=±l (4.12) where for simplicity the distribution of n about Do is assumed to be axially symmetric.
Following Refs. 102 and 103, the autocorrelation function for the Euler angle fJ" (0 can be approximated as 23
(fJ"(t)fJ"(t+T»~ (on(r, I) . on(r, t+T)*) • (4.13)
In the above equation, on(r, t) is the time-dependent linear displacement of the instantaneous director n from the average director no, where n and Do are unit vectors. The linear displacement of n with respect to Do can be expanded as a superposition of plane wave disturbances, each of which undergoes highly damped, viscous relaxation with a characteristic correlation time T(q) It should be noted that Eqs. (4.18) and (4.19) are approximations in the limit of small, but finite director fluctuations, where we have neglected the d~d (/3"; t) and d~22~ (fJ"; t) rotation matrix elements in the autocorrelation functions Eq. (4.4) as a consequence of our assumption of small fluctuations in fJ" (0. If we let fJ" (t) -0, i. e., for the limiting case of no director fluctuations, then the previous approximations break down, of course, and all rotation matrix elements must be considered in the autocorrelation functions for the slow motions; cf. Eq. (4.4). In this case, T~ -0 and there is no contribution to the relaxation from slow motions, as expected. It should also be emphasized that at present it is not possible to employ the above model to estimate the rms amplitude of the order fluctuations, since the two unknowns C and (SCD )~, ;:d\:o> (fJ)2 (d\:o> (13'; t})2 cannot be separated in the above expressions. However, the form of the frequency dependence of T1 predicted by Eqs. (4.18) and (4.19) is a characteristic signature of whether such fluctuations occur with significant amplitude in the T1 frequency regime.
v. COMPARISON WITH EXPERIMENTAL DATA
Spin-lattice relaxation time measurements of aN in lipid bilayers have been recently reported 87 ; however, since detailed 14N T1 studies have not yet been performed, the present discussion will be confined primarily to interpretation of published 2H T1 results for bilayer dispersions of DPPC 2 in the liquid crystalline phase. 65, 84, 90, 91 A review of the previously determined 84 profiles of the 2H bond order parameter I SCD I and the 2H spin-lattice relaxation rate Til is provided in Fig. 6 as a function of chain position for the DPPC bilayer at 51°C and 80 °C. The DPPC samples were selectively deuterated at the various chain methylene segments as indicated,92 and the 2H segmental order parameters were determined from the sharp edges of the 2H powder where avo is the observed quadrupolar splitting, corresponding to the /3.' =90 0 orientation (cf. Fig. 1) . In Eq. (5.0, SCD is the observed 2H bond order parameter, averaged over all motions occuring at frequencies greater than the static quadrupolar coupling constant (170 kHz), denoted by (SCD)O-in Secs. II-IV. Both the order profiles and the relaxation profiles are approximately constant over the first part of the fatty acyl chains, from the C-3 segment to the C-9 or C-10 methylene groups, decreasing montonically thereafter. The observation of such a characteristic "plateau" in both the order profiles and the relaxation profiles represents one characteristic signature of the lamellar, liquid crystalline state. 9, 12, 84, 90, 96 Since Til depends on both the amplitudes and rates of the molecular fluctuations near the Larmor resonance frequency, i. e., on the spectral density of fluctuations,83 the problem at hand is the proper separation of ordering and rate effects in arriving at a correct interpretation of the Tl relaxation profiles. That is, do the relaxation profiles as a function of chain position represent the segmental order profile, the profile of the rate of segmental motion as a function of chain position, or an admixture of both?96 The answer to this question is, of course, model-dependent; for the present, we shall be content with simply outlining in broad fashion the type of physical model anticipated to be useful in interpreting such relaxation data, and with comparing the theoretical predictions to the presently available experimental results.
A. Frequency dependence of the lH Tl relaxation times of the DPPC bilayer
At all deuterated acyl chain segment positions investigated, the 2H Tl relaxation times of the DPPC bilayer are observed to increase with temperature, in agreement with previous IH and 13C Tl studies. 39,40,42 For the case of Simple fluids, 67,83,110 such an increase in T 1 with temperature would normally imply that the molecular fluctuations fall in the short correlation time regime; thus the Tl relaxation times would be expected to be independent of the resonance frequency. However, as shown recently by Brown and Davis, 91 this is not the case for bilayers of DPPC, where the 2H Tl relaxation times increase Significantly with increasing frequency/ field strength. Thus, there must exist a distribution of motional components with different correlation times. 91 In the following we shall consider two possible origins for this proposed correlation time distribution; (i) restricted anisotropiC rotational diffusion (Sec. III), and (ii) the presence of independent motional components differing in terms of their amplitudes and frequency ranges (Sec. IV).
In Sec. III it was pointed out that rotational diffusion in the presence of an ordering potential is characterized, in general, by a distribution of correlation times. 105 Therefore, the question which must first be addressed is: Can the restricted anisotropiC rotational diffusion model account for the observed dependence of the T 1 relaxation times of the DPPC bilayer on frequency and temperature? The answer appears to be no, as can be seen by reference to Fig. 5 . For the DPPC bilayer at 51 DC, the shortest TIS are observed in the plateau region from the C-3 segment up to about the C-9 or C-10 segments, where the relaxation rate is approximately constant as a function of chain position. 84 Considering the C-4 position, for example, Tl is measured to be 21. 0, 28.7, and 32.7 ms at 13.8, 34.4, and 54.4 MHz, respectively. 91 Then, multiplying the above Tl values by 3/8 (e 2 qQ/nY =4. 278 x 1011 and taking their logarithms to facilitate comparison with Fig. 5 we see that, given the magnitudes of the observed Tl values, the restricted diffusion model predicts Tl to be independent of the resonance frequency, in the short correlation time regime, even for extremes of ordering «P2 > -O. 9) and motional anisotropy (ry-50). Similar conclusions hold for the strong collision model (Sec. nI).
Since the above prediction is contrary to experimental fact,91 the Tl relaxation is most likely influenced by different motional components; i. e., in addition to any high frequency motions, which for generality are modeled here as stochastic rotational diffusion (Sec. III), there must also exist a contribution from lower frequency motions of larger amplitude, as discussed in Sec. IV. Since the fast motions are assumed to lie in 54.4 34.4 13.8 MHz the short correlation time regime, and thus details of the motion are not inferrable from Tl measurements at the resonance frequencies presently employed, it is reasonable to assume that 1)~ 1 with a Single, effective correlation time for the fast motions affecting the Tl relaxation.
98 Then, the contribution from the fast mo- What types of slow motions provide the characteristic frequency dependence of the T 1 relaxation? In Sec. IV two models for these low frequency motional components were discussed: (i) a rather approximate model in which the contribution of slow motions to Tl is characterized by a Single effective correlation time, i. e. , hope is relinquished of a detailed description of the slow motion dynamiCS, and (ii) a model in which the relatively slow director fluctuations are described in terms of collective disturbances of the bilayer. In Figs. 7 (a) and 7(b) are shown plots of the observed relaxation rate Til vs wijl/2 and wo 2 for the C-4, C-B, and C-14 segment positions of the palmitoyl chains of the DPPC bilayer. The dependence of Til on wo 2 corresponds to the simplest noncollective model for low frequency fluctuations in lipid bilayers (Sec. IV A), in which it is assumed that the motions fall into the long correlation time regime as proposed by Chan and coworkers. 63 The wr/ 12 dependence corresponds to the collective model (Sec. IV B). Since 2H Tl data are currently available at only three resonance frequenCies, it is not possible at present to distinguish unequivocally between the above two alternate models solely on the basis of the observed frequency dependence. For both the C-4 and C-B segment pOSitions, as well as the C-14 position near the end of the chain (w -2), the three points fall approximately on a straight line when Til is plotted vs WOl/2 [ Fig. 7(a) ], or alternating when Til is plotted vs wo 2 [ Fig. 7(b») . However, on theoretical grounds the collective model is favored at present, and is supported further by the interpretation of the experimental data given below.
At this point it should be noted that, for either model, extrapolation of Til to infinite frequency (cf. Fig. 7) yields Til as the intercept, assuming that Til = Ti: + T~, i. e., that cross terms are small and can be neglected to a first approximation. From the extrapolated value of Til =5-10 S-l in Fig. 7(a) , it can be seen that the collective model predicts substantial contributions to the observed relaxation rate Til from both the fast and slow relaxation terms over the frequency range studied, with T~ providing the dominant contribution for those methylene segments in the plateau region of the acyl chains. The Simple noncollective model, on the other hand, predicts a much smaller contribution from Ti! to the observed Til [cf. Fig. 7(b») ' such that at 54.4 MHz the relaxation would be essentially dominated by the higher frequency contribution, with Til ~ 30 S-l for the C-4 and C-B segment pOSitions and Til ~ 10 S-l for the C-14 position. That is, at 54.4 MHz, where the most extensive 2H Tl data are available,84 the collective model predicts Til to be dominated by the lowjrequency contribution T~, whereas the simple noncollective model would predict Til to be domi- nated by the high frequency contribution Til. In addition' the noncollective model predicts that Til would vary Significantly along the chain, since the C-4 and C-8 Tl data extrapolate to a rather different value from the C-14 data (cf. Fig. 7(b») .
B. Dependence of the :2H Tl relaxation times on the order parameter
The dependence of the observed Til on the C_zH bond order parameter determined from the experimental zH NMR spectra 9 can allow us to further discriminate between the above two motional models, since the T i;
term is predicted to depend on (SeD)~' in both cases (Sec. IV), whereas the Til term appears relatively insensitive to the ordering. 84, 96 Early in the course of this work, it was observed that if the experimental Tl data for the various specifically deuterated DPPC bilayers are plotted as In Til vs In I SeD I, the data for all acyl chain segment positions (except the C-2 and C-w positions) fallon a straight line (not shown), irrespective of the temperature at which the measurements were made (Let phase). Therefore, it was decided to fit the Tl data to the following general function using the program CURFIT described in Bevington 117 :
( 5.2) where the Yi are adjustable parameters. For the case of the zH Tl data recently obtained for specifically deuterated bilayers of DPPC, at 54.4 MHz, the nonlinear regression fits were weighted using the standard deviations of the zH Tl values. 117 The proper weighting of both the inversion recovery plots 84 as well as the fits to the above theoretical function is essential if one is to have confidence in the results, since the zH Tl measurements are rather difficult and prone to error. The results of the regression fits to the zH Tl data for the specifically deuterated DPPC bilayers at all the chain methylene segment positions investigated, over the temperature range 45-80 °c, are shown in Table I , as are the results of similar fits to the zH Tl data available for bilayers of DPPC-d sz (i. e., with perdeuterated acyl chains).90 For the case of the specifically deuterated DPPC multilamellar dispersions, the value of '1'2 =2. 012 ± O. 068 is, within experimental error, equal to two and suggests that the relaxation of the deuteromethylene chain segments can be described by a law of the form Til <X (SeD )2. With regards to the zH Tl data of Davis 90 for multilamellar dispersions of DPPC-d 6Z ' obtained at 34.4 MHz, an unweighted nonlinear regression fit to Eq. (5.2) was used, since no errors are reported for the Tl values of the individual chain deuteromethylene segments. In this case, the results are somewhat less certain than for the specifically deuterated DPPC bilayers. Nevertheless, at both 37° and 45°C, where the DPPC-d 6Z bilayer is in the liquid crystalline state, 90 the results are believed consistent with a relaxation law of the form Til eX (SCD )Z, within experimental error, as can be seen from the values of ' Yz in Table I . It should be emphasized that the suggested dependence of Til on (SeD)2 is a characteristic of the liquid crystalline state and appears to be obeyed at temperatures up to at least 40°C above the main thermal transition (gel to liquid crystalline phase transition). (Due to isotopic substitution effects, the phase transition temperature of DPPCd 6Z , at -37°C, 90 is lower than that of DPPC, which occurs at 41°C.)
Plots of Til vs the square of the observed deuterium order parameter are shown in Fig. 8 for the zH Tl data currently available for the DPPC bilayer. Since Til is observed to depend on (SeD )2, within experimental error, we shall assume in the following that (SeD)(j' <X (ScD)O", i. e., that the high frequency fast motions set up an order profile along the saturated acyl chains which is averaged to approximately the same extent by any lower frequency motions of larger amplitude. In Fig. 8(a) (Fig. 8(b») , the approximately linear dependence of Tl on (SCD)Z suggests that the dominant contribution to the relaxation rate of the methylene deuterons arises from relatively low frequency (slow) motions at the resonance frequencies employed. This conclusion is consistent with the collective model for slow motions, but is in disagreement with the simple noncollective model; also, the above interpretation differs from earlier con- clusions. 8 4,96 The relatively minor differences between the plots of Til VS (Sco)2 for the DPPC and DPPC-d 62 samples may be due to the possibility of systematic errors in the latter data, as well as the small differences observed in the quadrupolar splittings and derived order parameters of the two systems.
90 Alternatively, the differences between Figs. 8(a) and 8(b) could be due to the different resonance frequencies employed. For the purposes of a quantitative analYSiS, such as described here, the 2H T I data for the specifically deuterated DPPC bilayers8~.9l are believed most reliable at present. From the above discussion, then, it appears that the collective director fluctuation model is most capable of explaining the 2H TI data in terms of a correlation time distribution at present. The contribution of slow motions to the 2H Tl relaxation rate is then given approximately by Eqs. (4.18) or (4.19) of Sec. IV. The approximately linear dependence of Til on (Sco)2 suggests our assumption that (Sco)o,a::(Sco)n" is at least approximately fullfilled; i. e., that the order profile along the chain averaged over the fast motions is modulated to a similar extent at all pOSitions by the collective bilayer disturbances. It is very interesting to note that a similar dependence of Til on (Sco)2 has been independently observed by Ukleja et al. 22 for liquid crystals with deuterated alkyl chains. The value of Ti} obtained from Fig. 8 (a) and 8(b) of -2-14 S-l is within the range of that determined in Fig. 7(a) for the collective director fluctuation model, -5-10 sot, but disagrees with that determined in Fig. 7(b) At this point it should be noted that the results of Fig.  8 (a) , in which the data at the various temperatures appear superimposable when Til is plotted vs (Sco)2, imply that the temperature dependence of TI could be determined in large part by the temperature dependence of the order parameter Sco' Thus, a comparison of the temperature dependence of Til with the temperature dependence of the 2H order parameter may serve as a further diagonostic test for the influence of order fluctuations on the 2H Tl relaxation rates. In general, the IH, 2H, and 13C T 1 relaxation rates of lipid bilayers have been observed to increase with increasing temperature, as noted above. This behavior has been typically interpreted using an Arrhenius-type expression, in which the temperature dependence is ascribed to the magnitude of the activation barrier for rotational isomerizations of the fatty acyl chain segments. Thus, Arrhenius plots of In Til vs l/T have been conventionally interpreted in terms of an activation energy of about 14.6 kJ/mol (3.5 kcal/mol),84 generally taken as evidence for the influence of trans-gauche isomerizations on the TI relaxation rates. If in fact it is assumed that Til is determined largely by order fluctuations, however, with a relaxation law of the form Til a:: (Sco)2 , then the results of Fig. 8 (a) would suggest as an alternative that the temperature dependence of Til could be due, rather, to the temperature dependence of Sco' For example, if the quantity 21n I SCD I is plotted vs 1/T using the 2H TI data for the specifically deuterated DPPC bilayers of Brown et al. , 84 nearly the same slope is obtained as when In Til vs l/T is plotted (not shown). Therefore, it is unclear at present whether the temperature dependence of Til can be taken as evidence supporting an interpretation in terms of trans-gauche isomerization, and the agreement of the H activation energy" obtained with the rotational isomeric model 1l8 may be fortuitous, or not a sufficiently stringent test. For the case of the DPPC-d 62 multilamellar dispersions, the observation that the plots of the 2H Til data vs (Sco)2 [ Fig. 8(b) ] are not superimposable at the two temperatures investigated, 1. e., 37 ° and 45°C, may be related to the fact that the gel to liquid-crystalline phase transition occurs at -37 °c in this case. 90 Clearly it would be desirable to have further 2H TI data for the DPPCd 62 bilayer system at several additional temperatures in the liquid crystalline (La) Jeffrey et al. 119 to be applicable to lamellar soap bilayers, i. e., lyotropic mesophases (cf. following section). Compared to lH NMR studies, however, 2H nuclear relaxation is advantageous in that Tl is overwhelmingly determined by intramolecular motions; thus the interpretation in terms of molecular dynamics is not complicated by intermolecular effects, as is the case for lH relaxation. 120
In prinCiple, either or both of the (A) and (B) terms of Eq. (5.3) could influence the temperature dependence of the Tl relaxation, depending on their relative magnitudes. The (A) term corresponds to local motions, e. g., trans-gauche isomerizations; from the extrapolated value of Tj}2E. 2-14 sol a correlation time for these effective motions of T~2) 2E. o. 5-3x 10-11 s would be obtained using Eqs. (3.16) or (3.20) . Since this value lies well within the short correlation time regime at the resonance frequencies employed, the fast motional components probably exert only a minor influence on the 2H relaxation for the case of the DPPC bilayer. This suggestion is supported by the observation that the 2H and lSC Tl relaxation times of paraffinic liquids12l-l23 are substantially longer than those of the DPPC bilayer, even if compared at similar" reduced" temperatures, 12 consistent with an additional contribution from lower frequency motions in the latter case. The (B) term of Eq. (5.3) describes collective slow motions which are not characterized by a single correlation time, but rather by a distribution of correlation times, leading to the W01/2 frequency dependence. No single parameter characterizing this correlation time distribution can be obtained from the presently available 2H Tl data. The collective modes described by the (B) term are not believed to be strongly temperature dependent, 27,102 but rather depend only linearly on the absolute temperature [assuming that the elastic constant is temperature-independent; cf. Eq. (4.17»). Thus, the temperature dependence of Tl could be largely influenced by the temperature dependence of SeD through the (B) term of Eq. (5.3) for the case of the DPPC bilayer, as discussed above. The temperature dependence of SeD is, in turn, related to the thermal expanSion coefficient of the bilayer through the Boltzmann distribution for trans and gauche rotational isomers of the fatty acyl chain segments. 9 ,92 Thus, the temperature dependence of Til could primarily be a consequence of equilibrium properties of the bilayer, i. e., its coefficient of thermal expansion or elasticity, or alternatively related to a dynamic parameter such as an activation energy. No unequivocal distinction can be made at present between these two possibilities.
E. Lyotropic systems 2H Tl measurements similar to those discussed above have been recently reported for potassium palmitate-d Sl (Perdeuterated) in the lamellar La phase (30 wt% H 2 0),89
and it is instructive to compare the Tl results as a function of chain position for the DPPC bilayer 84 to those obtained for this lyotropic mesophase. The quantitative interpretation of the 2H Tl relaxation times for potassium palmitate-d 3l in the La phase appears more complex than for the case of the DPPC bilayer, however, since (1) plots of log Tl vs log I SeD I (Fig. 8 rather than as (SCD)2 as shown here for bilayers of DPPC. Thus, the molecular dynamiCS of potassium palmitate-d 31 , a structurally Simpler molecule, in the La phase appear somewhat more complex than for the case of bilayers composed of the corresponding phospholipid, i. e., DPPC. Further NMR relaxation studies will probably be required to unravel the complex behavior exhibited by this lyotropiC system, and to establish the correspondence to the DPPC bilayer, where the molecular dynamics in the Tl frequency regime appear simpler.
F. Unsaturated lipid bilayers
For the case of unsaturated lipid bilayers, e. g., composed of 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), considerably less experimental Tl data exists than for the saturated DPPC bilayer or potassium palmitate in the lamellar phase. 2H Tl relaxation times have been recently published for multilamellar dispersions of DOPC deuterated at the 9, 10 double bond(s) at resonance frequencies of 46.1 and 54.4 MHz, 84,94 and 13C Tl values for DOPC vesicles are available from the earlier work of Levine et al. 40 at 25.2 MHz. Compared to the Tl values of the saturated acyl chain CH 2 segments of the DPPC bilayer, the 2H and 13C Tl relaxation times of the CH=CH segment of the DOPC bilayer are substantially shorter. The relatively short 2H and l3C TIS of the CH=CH segment, i. e., the relatively large relaxation rate Til, favor a greater contribution from "local" segmental motions to the Tl relaxation in this case. Although further work involving unsaturated phospholipids is clearly necessary, any frequency dependence observed for the CH=CH segment would probably have to be ascribed to local segmental motions; a collective fluctuation model for slow motions, such as described here, would probably not be able to account for the relatively short Tl values of the CH=CH segment. This assumes that the bilayer elastic constants are similar to the DPPC bilayer, which mayor may not be the case. The presently available 2H Tl data for the C-9 and C-10 deuterons of the DOPC bilayer at 46.1 and 54.4 MHz 84 • 94 are too close in frequency to determine if a significant frequency dependence of the zH TIS exists for the CH=CH segment, as found for the CH z segments of the DPPC bilayer. 91 However, if we assume, for the sake of argument, that the rms amplitude of the order fluctuations of the CH=CH segment is similar to that of the CH z segments in the" plateau" region of the DPPC bilayer, and that the elastic constants are similar, then the contribution from order fluctuations to the Tl relaxation rate of the CH=CH segment can be roughly estimated from Eq. (5.3) From the above reasoning, it is clear that the shorter zH and 13C Tls of the CH=CH segment could then lead to a larger contribution from local segmental motions in this case; i. e., as opposed to cooperative bilayer fluctuations, which appear to influence the acyl chain Tl relaxation behavior of the saturated DPPC bilayer in the liquid crystalline state. This conclusion is a consequence of two facts: (i) the larger molecular volume of the CH=CH segment vis-a-vis the CH z segments, so that its local motions are slower 8 .. 96 leading to a larger spectral density contribution near the Larmor frequency, and (ii) the smaller order parameters (i. e., quadrupolar splittings) of the CH=CH segment, believed to be a consequence of geometric effects. l24 The above would conveniently explain the lack of a dependence of the CH=CH 2H TIS on the order parameter SCD (cf. Ref. 96) ; since both the C-9 and C-10 deuterons are attached to the same rigid segment, yet have different quadrupolar splittings, 1Z4 the correlation time(s) for their motion must be the same. Thus the essentially identical 2H T1 relaxation times rule out, experimentally, a significant ordering contribution for the case of this segment, as mentioned previously. 84. 96 The similar T 1 values of the inequivalent C-9 and C-10 deuterons of the unsaturated DOPC bilayer have been previously used to argue for the lack of a significant ordering contribution to the T1 relaxation times of lipid bilayers in general 84 • 96 ; however, from the above it is clear that this is not necessarily a valid conclusion.
VI. BIOPHYSICAL CONCLUSIONS
In the liquid crystalline state of a lipid bilayer, it is clear that a hierarchy of molecular motions with different characteristic amplitudes and time scales can be expected. Can we hope to identify those motions expected to be physically most important and which may (or may not) be related to biomembrane function? Given the physical complexity of the systems of interest, viz. lipid bilayers and biological membranes, the present treatment is not as detailed as similar analyses of nuclear spin relaxation in liquid crystals, 15.23.Z5.27 but appears capable of explaining many of the current experimental observations. Previous studies of spin relaxation in lipid bilayers have relied on multiple internal rotation models. 44.53,57. 6Z or treatments of relaxation more appropriate for simple liquids 42 • 47. 50; in both cases the presence of an ordering potential is either ignored or treated in an ad hoc fashion. The present model represents the simplest possible treatment of segmental motions in lipid bilayers and membranes, in which the ordering is explicitly taken into consideration.
A number of Simplifying approximations have been made, among which are the following: (il distinct motional components are assumed such that their time scales are sufficiently different to separate them as fast or slow; (ii) for mathematical Simplicity, these motions are assumed cylindrically symmetric over their respective time scales; finally, (iii) the fast and slow motional components are assumed to be statistically independent and cross-correlation terms in the relaxation expreSSions are ignored. Each of these approximations may represent an overSimplification, and thus future studies may point to the necessity of a more refined model. For example, although cylindrical symmetry about a preferred director axis is evident from both 2H NMR 9 and spin-label EPR 125 studies, whether the effective motions over the fast time scale are axially symmetric is not as clear, since restricted transgauche isomerizations in the absence of fast axial diffusion would lead to axially asymmetric 2H NMR spectra.
14 Nevertheless, the results of Figs. 7 and 8 do provide evidence for fast effective motions in these systems, capable of projecting the quadrupolar interaction onto a local axis of approximately cylindrical symmetry, which can then be modulated by any lower frequency motional components. Therefore, the present model may represent a useful starting point for the interpretation of future Tl studies.
It should be stressed that cooperative order fluctuations as discussed here do not necessarily represent "rigid body" motions of entire phospholipid molecules in the bilayer. On the contrary, the phospholipid molecules are very flexible and thus the presence of cooperative motions among the various hydrocarbon chain segments does not require that these fluctuations are highly coupled to motions of the glycerol and headgroup segments, although this is a possibility. Further Tl stud-ies are necessary to unravel the types of motions which may influence the relaxation at other segment positions in the bilayer, e. g., in the headgroup and glycerol backbone regions. The 2H Tl results of Figs. 7 and 8 for the bilayer hydrocarbon region probably cannot be explained solely in terms of trans-gauche isomerization, although it is plausible to identify any fast effective motions as arising in large partfrom such processes. The rotational isomerization of the fatty acyl chain segments could then set up an order profile along the chain, which according to Dill and Flory126 would arise largely as a consequence of chain termination effects, together with the space-filling requirements associated with shortrange repulsive forces in the bilayer. The rotationally symmetric order profile over the fast chain isomerizations could then be modulated by any lower frequency cooperative motions of the bilayer, perhaps associated with lateral pressure or density fluctuations. Such lower frequency motions are not expected to be strongly temperature dependent, and may be analogous to the twist, splay, and bend modes found in nematic or smectic liquid crystals. 102,103 Thus, the molecular dynamics of lipid bilayers such as DPPC, and possibly native biological membranes as well, may share certain common features with simpler nematic and smectic liquid crystals; viz. their characteristic symmetry about a preferred director axis, as well as collective fluctuations of the director leading to a continuum of elastic relaxation modes. The presence of such cooperative fluctuations in lipid bilayers may be rather importante. g., such motions could provide a means of lipid mediated protein-protein interactions, or could be involved in the permeability of membranes to nonelectrolytes such as water.
While the largest contribution to the angular reorientation of the C _2H segments in the hydrocarbon region of a saturated lipid bilayer, in the liquid crystalline phase, is viewed to arise from the higher frequency motional components, 84,96 the spectral density near the resonance frequency from these high frequency components may, in fact, be relatively small. The local segmental fluctuations, e. g., due to trans-gauche isomerization, are proposed to be very fast-much faster than proposed in any previous study. As a result, the additional spectral density contributed near the resonance frequency due to any slower, collective fluctuations could provide the dominant relaxation contribution at the magnetic field strengths employed, even though the additional amplitude contributed to the C_ 2 H reorientation may be rather small, i. e., vis-a-vis the reorientation arising from high frequency motions. Since the spectral density of the slow motions is not convoluted with that of the fast motions, the slow fluctuations can span a smaller frequency range, thereby leading to a relatively large incremental contribution near the resonance frequency.
Assuming a director of fluctuation model for low frequency motions of the bilayer hydrocarbon region, the value of T~2) -10-11 s, estimated by extrapolating the observed relaxation rates to infinite frequency or zero ordering, appears very similar to the correlation times which can be calculated 127 from previously published 2H and 13C Tl data for n-alkanes of similar chain lengths.121-123 Therefore, the" microviscosity" of the hydrocarbon region of a saturated lipid bilayer such as DPPC is probably comparable to that of the equivalent n-alkanes, e. g., hexadecane. This conclusion disagrees with the results of fluorescence depolarization studies, where microviscosities -10 2 _10 3 fold higher have been reported. 128,129 A possible origin of the discrepancy is that ordering effects 96, 130-132 have been neglected; however, the differences may also arise from limitations in the use of extrinsic probe molecules to study the molecular dynamiCS of a lipid bilayer. The observation that the Tl relaxation times of lipid bilayers differ from those of the equivalent hydrocarbons121-123 may be due to the additional relaxation contributions provided by cooperative order fluctuations in the former case, rather than any large differences in the rate of trans-gauche isomerizations or microviscosity. The possibility of such cooperative order fluctuations represents a feature of the molecular dynamics of lipid bilayers potentially not found in the equivalent n-alkanes and other hydrocarbons-thus the relaxation can be more efficient and T1 substantially shorter. The possible contribution of such slow motions has been previously ignored in determining segmental microviscosities from 2H T1 relaxation time measurements l2 ,94,133; consequently the reported values probably represent only an upper limit to the true microviscosity of the bilayer hydrocarbon region.
For reasons of space, a detailed comparison with spin-label EPR 97 ,125 and fluorescence depolarization experiments130-132,134 will not be attempted here; in general, the present results are relevant to any studies aimed at determining static or dynamic quantities related to lipid bilayer structure. In comparison to fluorescence or spin-label EPR methods, NMR relaxation is unparalleled in the level of detailed information which can be obtained, without recourse to introduction of probe molecules which may perturb the bilayer. It is possible that the fluorescence depolarization of rodlike probes such as diphenylhexatriene (DPH) or parinaric acid in lipid bilayers could include a contribution from cooperative motions as discussed here. Such collective fluctuations are characterized in general by a continuous distribution of correlation times, whereas only a single correlation time, or at most two correlation times, 134 can be extracted from fluorescence depolarization experiments. Therefore, such fluorescence studies may represent a rather rough approximation to the detailed molecular dynamics of lipid bilayers.
With regards to spin-label EPR studies, a long standing question has been whether the existence of "tilting" motions of the phospholipid molecules occurring at frequencies intermediate between the EPR and 2H NMR regimes could explain the different order profiles determined using the two methods, as suggested by Mc Connell. 97 seelig 9 has correctly pointed out that this explanation cannot quantitatively account for the discrepancy in DPPC bilayers. Nevertheless, the present results provide evidence for the existence of collective bilayer fluctuations in the appropriate time regime, which probably should be considered in any future de-tailed comparison of EPR and zH NMR results, including studies of lipid-protein interactions. [93] [94] [95] 98, 135 The exact nature and amplitude of any collective bilayer disturbances is a challenging question which can in the future be approached using spectroscopic techniques sensitive to lower frequency motions, such as saturation transfer EPR and rotating frame spin-lattice (T 1P ) relaxation. T1 measurements, however, are advantageous in that they appear to encompass the appropriate frequency regime,96 and it will be interesting to see whether T1 studies of unsaturated lipid bilayers and native biological membranes 138 yield results similar to those found for the DPPC bilayer.
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